I. INTRODUCTION
Nanoimprint lithography (NIL) has found a strong interest in several fields such as semiconductor, 1-3 data storage, [4] [5] [6] [7] nano-optic, [8] [9] [10] [11] and biomedical [12] [13] [14] [15] due to its effectiveness in large scale patterning and high-throughput. A key element of NIL is the mold, and therefore, the choice of material for its fabrication can dictate the reliability and economics of this lithography technique. Hardness, durability, thermal properties of the mold material, and the ease of mold fabrication are few of the attributes, which are needed to be checked off the list before zeroing in on a particular candidate. For example, nonconductive quartz is a suitable choice for mold but the occurrence of charging while it is being electron beam patterned cannot be eliminated. 16, 17 This affects the pattern resolution and demands for a prior deposition of a thin metal coating over the quartz surface. Furthermore, quartz is expensive and its brittle nature restricts its usage to low pressure applications such as stepand-flash imprint lithography. UV-transparent materials, [18] [19] [20] elastomers, 21 and plastomers 22 are also available for mold fabrication but their application is mostly confined to soft lithography. Lower stiffness and durability also form major concerns. An attractive alternative is silicon, which possesses the desired properties of a mold and has the ability to provide high degree of replication accuracy. 23 Typically, silicon is also the preferred choice for substrate material in many of the aforementioned fields. Therefore, the mismatch in the coefficient of thermal expansion between the silicon mold and substrate surface to be embossed is not expected to pose a severe problem during the NIL process.
Standard master mold fabrication in NIL requires the involvement of its time consuming and expensive conventional counterparts such as electron beam lithography (EBL), UV-lithography (UVL), x-ray interference lithography, and focused ion beam (FIB) writing. [24] [25] [26] [27] To design molds with variable feature dimensions, the bottlenecks associated with these approaches-the optical diffraction limit in UVL, slow rastering and secondary electron exposure in EBL, ion scattering in a FIB process, and proximity issues in x-ray interference lithography-need to be addressed first. 27 A second a) S. Kundu and S. H. Lim contributed equally to this work. b) Electronic mail: saifullahm@imre.a-star.edu.sg shortcoming is that the feature sizes of the resin patterns are controlled by the mask feature resolution. Here, we propose a unique and cost-effective NIL-based mold fabrication method for creating submicron mold templates from larger micron-sized master molds and vice versa. A silicon-based polymerizable liquid precursor was imprinted on a Si substrate using a Si master mold with 2 lm wide line/space features. Upon heat-treatment in air, the organics were removed from the embossed structure resulting in the shrinkage of the feature size. The imprinted material oxidized to SiO x patterns, which then acted as a mask to etch the substrate underneath to form the Si mold. This method served two purposes. First, Si molds of variable spacings and feature sizes were achieved from a single Si master mold. The aspect ratios of these features could be tailored by controlling the etching depth. Second, smaller mold dimensions could be easily achieved without being affected by the issues linked with conventional lithography techniques. The shrinkage of the feature size depends on the amount of organics in the resin, which in our case was kept constant. Therefore, mathematical calculations based on this feature size reduction value enabled the prediction and subsequent demonstration of retrieving back the original master mold dimensions after two cycles of imprinting followed by heat-treatment.
II. EXPERIMENTAL DETAILS A. Preparation of SiO 2 resin
A silicon containing resin was prepared by mixing the silicon-containing monomer 3-(trimethoxysilyl) propyl methacrylate (98%, Aldrich) with cross-linker ethylene glycol dimethacrylate (98%, Aldrich) in a molar ratio of 1:2. To this mixture, 2 wt. % of azobisisobutyronitrile (AIBN), a free radical thermal polymerization initiator, was added. Prior to usage, ethylene glycol dimethacrylate was purified by passing it through an alumina column to remove any added stabilizer. AIBN was purified by recrystallization in methanol. Figure 1 shows the chemical structure of the precursors involved in the preparation of SiO 2 resin. The resin exhibited a low viscosity of 10.9 cP, thus making it suitable for imprinting at a lower pressure of $30 bars. Corporation (Atsugi, Japan), were used for imprinting. The Si substrates and molds were immersed in piranha solution (H 2 SO 4 /H 2 O 2 , 3:1) for 1 h in order to remove any surface contaminants. This was followed by a rinse with deionized water and blow dried using a nitrogen gun. A 5 h long vapor-phase treatment of the mold surfaces with 1H,1H,2H,2H-perfluorodecyltrichlorosilane (96%, Alfa Aesar) coating was found to significantly improve demolding due to lowering of surface energy. 28 Just before imprinting, the Si substrates were subjected to UV-ozone plasma to enhance their adhesion to the SiO 2 resin. The substrates were imprinted using the Si master mold with 2 lm line/space features in an Obducat imprinter (Obducat, Sweden). Suitable imprinting temperature of the resist was determined using differential scanning calorimetry (DSC, TA Instruments Q100). Thermogravimetric analysis (TGA, TA Instruments Q100) was performed to follow the degradation behavior of the resist and formation of oxide. For SiO 2 pattern transfer to the silicon substrate underneath, etching of the imprinted lines was carried out using a shuttle lock reactor SLR-7701-8R (UNAXIS) inductively coupled plasma (ICP) reactive ion etching (RIE) system. Gases employed for etching were carbon tetrafluoride (CF 4 ) and hydrogen bromide (HBr). A JEOL JSM-6700F field-emission scanning electron microscope was used to obtain high resolution images of the mold, imprinted SiO 2 , and Si patterns.
III. RESULTS AND DISCUSSION
Oxides are patterned via NIL by using a mixture of precursor and cross-linker. The imprinted structures are subsequently calcined to achieve oxide patterns. [29] [30] [31] Calcination at high temperature ensured that the organic content in SiO 2 resin is entirely decomposed. It is, therefore, obvious that the pattern volume will undergo reduction due to loss of material. Rearrangement of atoms will also occur during calcination giving rise to a stronger ÀSiÀOÀSiÀ network, which then can act as a far better etch mask for the substrate underneath. While the calcination shrinkage comes at the cost of pattern size, it is actually an easy and cheaper way to access the submicron or nanoscale. For a particular ratio of precursor and cross-linker, the calcination shrinkage is constant. In the present work, a combination of SiO 2 resin and its imprinting using a Si master mold containing micronsized features, followed by heat-treatment of patterns gave rise to a daughter mold with submicron scale features. This process was repeated again using the daughter mold to retrieve back the features which matched closely with the master mold.
To understand the imprinting conditions and calcination shrinkage of SiO 2 resin, DSC and TGA were carried out. The DSC scan displayed a sharp exothermic peak at 85 C, suggesting the occurrence of free radical polymerization of SiO 2 resin [ Fig. 2(a) ]. This was used as a guideline to carry out thermal imprinting of SiO 2 resin. A minor endothermic peak observed in the scan at a temperature range of 300-350 C was probably due to the rearrangement of atoms due to loss of organics from the resin. The TGA scan of the SiO 2 resin displayed a major mass loss region. There was a sharp drop in the mass of resin within the temperature range of 400-500 C, primarily due to the loss of organic material from it [Figs. 2(b) and 2(c)]. This led to the formation of amorphous SiO 2 . Hence, in order to achieve imprinted SiO 2 features, the imprinted structures were calcined at 450 C for 1 h in air.
A schematic of various steps involved in achieving different mold dimensions through imprinting and calcination is shown in Fig. 3 . The resist was spin-coated at 3000 rpm for 30 s on a precleaned Si substrate to achieve $2 lm thick layer. Thermal imprinting was carried out in two steps on the coated substrates. The first step involved imprinting at 
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JVST B -Nanotechnology and Microelectronics: Materials, Processing, Measurement, and Phenomena 30 C for 300 s to ensure its flow into the gratings and conformation to the surface relief features of the mold. This was followed by imprinting at 120 C for 900 s to initiate in situ thermal free radical polymerization of SiO 2 resin. Both the steps were carried out at 30 bars pressure. After imprinting, the assembly of mold and substrate was cooled down to room temperature before releasing the pressure for demolding. The tell-tale sign of lower yield is the presence of resin residue on the mold when observed under an optical microscope. No residue was found, thus giving $100% yield. Figure 4 depicts the SEM images of imprinted Si master mold and its regeneration through two cycles of nanoimprint lithography and heat-treatment. The change in feature size and spacing at each step of SiO 2 patterning has been summarized in Table I . The SiO 2 resin, imprinted using the master mold with 2 lm line/space features [ Fig. 4(a) ], displayed line patterns, which were 1.8 lm wide. Consequently, the spacing between them increased slightly to 2.2 lm [Fig.  4(b) ]. This slight reduction in the dimensions of the imprinted line features was due to polymerization-induced shrinkage. 32 The poly(methyl methacrylate) (PMMA) resist, also imprinted using this Si master mold, exhibited feature size and spacing similar to that of the imprinted SiO 2 resin [ Fig. 4(h) ]. Upon heat-treatment in air at 450 C, the imprinted SiO 2 resin underwent 65% shrinkage in the line width with respect to the original feature dimensions [ Fig.  4 (c) and Table I ]. In the process, this gave rise to the first generation SiO 2 daughter mold. The line width is reduced to 700 nm, and as a result, the spacing between them increased to 3.3 lm. The cross-sectional profile of the lines is vertical but with tapered sidewalls. Tapering occurs due to the fact that the substrate hinders shrinkage of the base of the line while the free end of the line can undergo shrinkage without any hindrance. No visible degradation in the pattern integrity was seen. While the center-to-center distance of the heattreated patterns was identical to that of the master mold, the edge-to-edge spacing between the adjacent features increased. In other words, the pattern density declined and this was achieved at the cost of reduced feature size. Crosssectional SEM imaging showed that the height of these heattreated features reduced from 2 lm to 460 nm [ Fig. 4(c) ].
The SiO 2 patterns thus obtained were then used as masks to etch Si substrate underneath to produce the first generation daughter Si molds. It is well known that imprint lithography leaves behind a thin residual resist layer between the mold and the substrate. In our case, it was necessary to remove the heat-treated SiO 2 residual layer present in the trenches between the line features to uncover the Si surface beneath it. Imprinted SiO 2 was initially subjected to CF 4 plasma. CF 4 reacts with SiO 2 to produce gaseous products-CO x and SiF 4 . 33 Inevitably, some amount of SiO 2 from top of the imprinted lines was also etched away alongside the SiO 2 residual layer. However, owing to greater height of the features as compared to the thin SiO 2 layer between these features, no significant change in the height of the patterns was observed. An HBr plasma was then used to pattern the underlying Si substrate. HBr þ , Br þ , and Br 2 þ ions generated in the plasma attacked the exposed Si surface to form highly volatile brominated reaction products (SiH x Br y ). 34 The Si molds were rinsed in hydrogen fluoride to remove the left over SiO 2 etch masks on top of the Si line features [ Fig.  4(d) ]. The etching conditions have been provided in Table  II . Low RIE and ICP powers of 50 W were used to strip away the residual SiO 2 layer present between the line features without creating any undercuts. On the other hand, higher ICP-RIE powers, lower chamber temperatures and pressures were used to achieve an anisotropic Si etch profile. The high ICP power (700 W) increased the plasma ion density and the relatively low RIE power (80 W) ensured low ion bombardment energy. 35 Lower RIE power minimized the scattering of the etchant and lower temperature (6 C) caused the reaction by-products, such as SiF 4 and SiH x Br y in this particular case, to condense onto the sidewalls. 36, 37 The side walls were passivated, and their lateral etching was prevented. Therefore, the optimal combination of these etching parameters enabled the attainment of the first generation Si daughter mold with features that had 2 lm deep vertical sidewalls [ Fig. 4(d) ]. By varying the time duration, the height of these features could be tailored according to the daughter mold design requirement. In short, while calcination of the imprinted structures produced variable spacing between the features, etching direct imprinted SiO 2 on silicon offered the flexibility to tune the aspect ratios of these features. Now, the second cycle of imprint lithography and heattreatment was carried out in which the new daughter Si mold [ Fig. 4(d) ] was used for imprinting the SiO 2 resin [Fig. 4(e) ]. Analogous to the master mold, the surface of the daughter mold was also treated with 1H,1H,2H,2H-perfluorodecyltrichlorosilane prior to imprinting in order to prevent the resin from sticking to the mold. A negative replica of the mold was embossed into the resin, i.e., 3.4 lm wide lines separated by a distance of 600 nm were achieved [ Fig. 4(e) ]. The feature height was 1.5 lm. Hence, densely packed larger line patterns were obtained from a mold containing broadly spaced smaller patterns. Imprinting was again followed by calcination at 450 C. The line width reduced to 2.2 lm while the spacing increased to 1.8 lm [Fig. 4(f) ]. Therefore, second generation SiO 2 daughter mold was fabricated with feature size and spacing matching closely to that of the master mold [ Fig. 4(a) ]. In other words, the approximate dimensions of the master mold were regenerated back. This second generation SiO 2 daughter mold was used for imprinting PMMA [ Fig. 4(g) ]. Not surprisingly, this patterned PMMA displayed dimensions that were comparable to those obtained upon imprinting the PMMA resist using the original Si master mold [ Fig. 4(h) ].
IV. SUMMARY AND CONCLUSIONS
In this work, we have demonstrated that high-resolution direct patterning of Si and SiO 2 over a large area can be achieved through an economical fashion by using the synergetic approach of nanoimprint lithography and calcination of the imprinted SiO 2 resin. Free radical polymerization of the SiO 2 resin, during imprinting, resulted in the formation of a highly cross-linked network. This provides rigidity to 
